The diffusion of a polyzwitterion, poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC), in aqueous solution containing different alkali halides was studied by fluorescence correlation spectroscopy at single molecule level. It was found that the halide anion has a greater effect on the radius of zwitterionic PMPC molecules than alkali cations, which is due to the mechanism by which PMPC molecules interact with the surrounding hydrogen bond network of water molecules and adsorbed ions. With the addition of salt, the size of PMPC remains constant while its diffusion coefficient is reduced slightly, although larger cations (e.g. K + ) result in slightly increased diffusion coefficient for 1 M potassium chloride-based solutions. This enhanced diffusion coefficient is attributed to the decrease in the viscosity of the aqueous solution on the addition of salt. When the counter-ion was varied in potassium-based salts, different effects were observed for different anions, resulting a reduction in the diffusion coefficient as a function of salt concentration. This reduction was modest for KBr, but significant for KI. Overall, no discernible changes were observed as the size of the PMPC coil was varied, except in case of KI for which a significant increase was observed at higher ionic strength. Divalent cations (Ca 2+ and Mg 2+ ), produced similar effects to those found for monovalent cations. These effects are explained by the interaction of PMPC with the hydrogen bond network of water molecules and with the adsorbed ions.
Introduction
Understanding the dynamics of polyelectrolytes in aqueous solution is challenging because long-range electrostatic interactions between charged groups on the chains play an important role alongside their interactions with mobile counter-ions and solvent molecules [1, 2] . The solution properties of polyzwitterions (a type of polymer that contains both positive and negative charged groups in each repeat monomer unit) have been found to exhibit the so-called antipolyelectrolyte effect [3] . In contrast to polyelectrolytes and proteins that tend to precipitate upon the addition of salt, most polyzwitterions become increasingly soluble as salt concentration increases, as attractive dipole-dipole interactions between the polyzwitterions are screened by electrostatic interactions and counter-ion adsorption. The antipolyelectrolyte effect is anticipated to be dependent upon the chemical structure and composition of the polymer as well as the solution conditions.
The phosphorylcholine (PC) group in phospholipids has inspired the development of a number of materials for the preparation of biomimetic, antifouling materials for bioscience and bioengineering applications. Of these, poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) is perhaps the most promising because it possesses characteristics that make for ideal biomaterial coatings, such as biocompatibility [4, 5] , colloidal stabilisation [6, 7] , anti-fouling [8, 9] , and lubrication properties [10, 11] . Since biological fluids are complex solutions containing biomolecules and salts, it is crucial to understand the effect of ions on PMPC to enhance its performance. Such knowledge will also facilitate the understanding of the effect of ions on other PC-based materials, e.g. phospholipid bilayers that serve multiple functional roles in signal transduction, since these are often exposed to physiological environments [12] [13] [14] [15] .
Different views have been reported in the literature regarding the effect of ions on PMPC in aqueous solution. Both frictional properties and the swelling structure of surface-grown PMPC brushes exposed to NaCl solutions were examined as a function of salt concentration in the region of 0-5 M. It was concluded that the effect of salt on PMPC brushes was negligible [16] [17] [18] . Furthermore, the size of free PMPC molecules in aqueous solution was measured using static and dynamic light scattering techniques in concentrations from 0 to 0.5 M, and it was concluded that both the hydrodynamic radius and second virial coefficient of PMPC were independent of salt concentration [19] [20] [21] [22] . However, in another study [23] , the hydrodynamic volumes of PMPC molecules were analysed using size exclusion chromatography (SEC) in various salt solutions at concentrations from 0 to 0.3 M. It was reported that the concentration of ions has a significant effect on the size of PMPC, and a qualitative correlation between the type and concentration of salts and the solution dynamics of PMPC was established. In recent studies, the friction coefficient between two PC-functionalized surfaces was found to increase with the addition of sodium nitrate (NaNO 3 ), which was attributed to the salting-out of some PC groups at higher salt concentration [10, 24] .
Fluorescence correlation spectroscopy (FCS) was employed in the present work to investigate the solution dynamics of PMPC in aqueous solutions at the single molecule level to enhance the understanding of the effect of salts on the PC group. Based on a statistical analysis of the fluctuation of the fluorescence signal in a confined volume, FCS is able to observe the dynamics of molecular events, such as diffusion and conformational fluctuations of molecules. Unlike techniques such as light scattering that require relatively high concentration of solute, extremely low concentrations (a few nM) are used in FCS measurements. This eliminates interference due to intermolecular interactions that are dominant at higher concentrations. Consequently only the self-diffusion of single molecules is measured [25] [26] [27] . Previous studies have successfully demonstrated the capability and advantage of FCS in examining the solution dynamics of several polyelectrolytes in different aqueous solutions or neutral polymers in polyelectrolyte environments [28] [29] [30] [31] .
In particular, FCS is used to measure the diffusive motion of individual PMPC chains quantitatively at the single molecule level. Because the viscosities of the corresponding aqueous media in which PMPC molecules were dissolved are known, it is possible to evaluate to what extent the interaction between ions and PMPC contributes to the diffusion and consequently the size of PMPC molecules. The ion-specific effect on the PC group was then assessed resulting in a systematic knowledge of the effect of ions on the solution dynamics of PMPC. This work demonstrates that FCS is a powerful and ultrasensitive single molecule tool that can study the solution dynamics of polyzwitterions under a wide range of experimental conditions.
Experimental

Materials
Rhodamine 6G (99%) was obtained from Acros Organics (Geel, Belgium) and used as received. HPLC grade acetonitrile, diethyl ether, dichloromethane, methanol, tetrahydrofuran, isopropanol, n-heptane and regenerated cellulose dialysis membrane (1000 MWCO) were obtained from Fisher Scientific (Loughborough, UK) and used as received. 2-Methacryloyloxyethyl phosphorylcholine (MPC, 99.9%) was donated by Biocompatibles UK Ltd (Farnham, UK) and was used as received. Nhydroxyethyl piperazine (98%), 2-bromoisobutyryl bromide (98%), 2-bromoisobutyric acid (98%), anhydrous methanol (MeOH, 99.8%), copper bromide (CuBr, 99.999%), 2,2 0 -bipyridine (bpy, 99%), lithium chloride (LiCl, ACS reagent grade), sodium chloride (NaCl, ACS reagent grade), potassium chloride (KCl, ACS reagent grade), potassium bromide (KBr, ACS reagent grade), potassium iodide (KI, ACS reagent grade), calcium chloride (CaCl 2, ACS reagent grade), and magnesium chloride (MgCl 2 , ACS reagent grade) were purchased from Sigma-Aldrich (Dorset, UK) and used as received. HPLC grade water (CHROMASOLV, 2.5L) purchased from Sigma-Aldrich was used to prepare polymer solutions.
Synthesis of rhodamine 6G-labelled PMPC
Rhodamine 6G was derivatized in its 2 0 position by direct reaction with N-hydroxyethyl piperazine. Subsequent esterification of the hydroxyl-group with 2-bromoisobutyryl anhydride gave a fluorescent 2-bromoisobutyryl ester which was used as a (fluorescent) atom transfer radical polymerization (ATRP) initiator for the controlled polymerization of 2-methacryloyloxyethyl phosphorylcholine (MPC). This method of synthesis ensures that each PMPC contained precisely one rhodamine 6G molecule at the terminus of the chain. Details of this procedure can be found in a previous report [32] .
A typical protocol for the controlled polymerization of MPC by (ATRP) was as follows. The ATRP initiator (derivatized rhodamine 6G, 0.0229 g, 0.0339 mmol, 1.0 equiv.) and MPC (2.00 g, 6.77 mmol, 200 equiv.) were dissolved in 3.0 mL anhydrous methanol. After purging with nitrogen for 20 min, Cu(I)Br catalyst (4.9 mg, 0.034 mmol, 1.0 equiv.) and bpy ligand (10.6 mg, 0.0679 mmol, 2.0 equiv.) were added to the stirred solution under nitrogen. After leaving the reaction for 15 h, protons from methacrylic groups were no longer detected by 1 H NMR. At this point, the reaction mixture was diluted with methanol and exposed to air. The solution was passed through a column of silica using methanol as the eluent to remove copper salts. The solution was then transferred to a dialysis bag (MWCO 1000) and dialysed first against methanol with daily changes of solvent until the dialysate was colourless. Then the solvent was changed to water by 3 consecutive solvent changes. Finally the polymer was freeze-dried overnight, followed by drying in a vacuum oven at 80°C for two days. The polymer was isolated in a 75% yield as a dark red powder.
Fluorescence correlation spectroscopy
Rhodamine 6G-labelled PMPC was dissolved in HPLC grade water to prepare a solution with a concentration of 3.15 Â 10 5 nM, and subsequently stored in a fridge. Diluted PMPC solutions (10 nM) with the desired ionic strength were prepared immediately before each measurement, and subsequently placed in a chambered cover glass (8-well Lab-Tek, Thermo Fisher Scientific, UK). To reduce experimental errors that could be caused by variations in laser output, control experiments (10 nM PMPC in pure water) were performed before each measurement. FCS measurements were made using a ConfoCor2 FCS module fitted to a LSM510 inverted confocal microscope (Zeiss). Rhodamine 6G-labelled PMPC was excited using the 514 nm line of an argon laser. Fluorescence emission was collected through a 530-600 nm band-pass filter and recorded with an avalanche photodiode. Photobleaching was inhibited by attenuation of the laser using an embedded neutral density filter. Fluctuations in the fluorescence signal from rhodamine 6G-labelled PMPC molecules were quantified by temporal autocorrelation of the fluorescence intensity signal. A solution of rhodamine 6G (10 lM) was used to calibrate the alignment of the confocal optics. Based on Eq. (2), the width of the confocal volume was calibrated by carrying out diffusion measurements on a 10 nM rhodamine 6G solution, whose diffusion rate in water is well documented following characterisation by other techniques [33] .
Data analysis
The autocorrelation functions (G(s)) acquired were fitted using [34] GðsÞ
where N is the number of fluorophores (rhodamine 6G or rhodamine 6G-labelled PMPC in this case) within the detection volume, s D is the diffusion time of the fluorophore (the averaged time taken to cross the confocal volume), S is the structural parameter of the confocal volume, P t denotes the fraction of fluorophores excited to a triplet state, and s t is the corresponding triplet lifetime. Eq. (1) was then fitted to the data using pro Fit v6.1.8 (QuantumSoft, Switzerland). A Monte Carlo algorithm was used initially to determine the starting parameters, and a Levenberg-Marquardt routine was then used to find best-fit parameters. The diffusion coefficient (D) of a particle can be extracted from its diffusion time if the characteristic size of the detection volume is known [35] , giving
where a is the calibrated width of the confocal volume. The Stokes-Einstein equation is the fundamental model used to describe the diffusive motion of a solid spherical particle of radius R through a medium of viscosity g. The Stokes-Einstein diffusion coefficient (D SE ) is defined by
where k B is the Boltzmann's constant, R is the radius of the polymer, and T is the absolute temperature.
Results
Influence of ions on fluorescence probe
To elucidate the influence of ions on the fluorescent probe, diffusivity of free rhodamine 6G was examined as a function of salt concentration (in pure water and KCl solutions up to 1000 mM) using FCS. It was found that the diffusion coefficients of rhodamine 6G were independent of salt concentration, which ensures that any change observed by FCS can be attributed to the solution dynamics of the derivatized PMPC molecule. Raw autocorrelation curves of rhodamine 6G, collected from solutions with different quantities of salt, were found to superimpose each other (Fig. S1 in Supporting Information). This confirms that both diffusion coefficients and the number of rhodamine 6G molecules within the confocal volume were constant over the range of salt concentrations (up to 1000 mM) used in the present work. Consequently the fluorescence properties of rhodamine 6G was considered to be unaffected by variations of the concentration of KCl solutions. This allowed the absence of free rhodamine 6G to be confirmed in polymer diffusion measurements as well as confirming that the dye label was not itself affected by salt.
As the effect of varying the concentration of KI was also examined, it should be noted that KI has been reported to exhibit quenching of rhodamine 6G at high concentrations due to an antioxidant property of iodide [36] . This quenching caused noticeable noise in the FCS measurements of rhodamine 6G labelled PMPC molecules at high KI (1000 mM) concentration, resulting in poor autocorrelation functions. As such, data collected from this specific concentration were not included.
Effect of monovalent salts on PMPC
Solution dynamics of PMPC (with a target degree of polymerization of 200, a number average molar mass, M n measured by aqueous gel permeation chromatography of 59.7 kDa, and a dispersity, PDI of 1.75) in aqueous solutions were investigated using FCS. The averaged diffusion coefficients of PMPC in pure water is 32.0 ± 1.5 lm 2 s À1 , with R = 2.7 nm obtained from Eq. (3). It should be noted that the diffusion coefficients of PMPC in the presence of salts as presented in subsequent sections are normalized to the same PMPC samples measured in pure water immediately before each experiment to account for variations in laser output and laboratory conditions. Diffusion coefficients of PMPC molecules were measured in KCl solutions with concentration ranges from 1 to 1000 mM and are shown in Fig. 2a . Even though changes were observed as the salt concentration increased, the variation in diffusion coefficient is not significant. The ion-specific effect on the solution dynamics of PMPC was evaluated by changing the anionic or cationic components of the salt; KBr and KI were chosen for the former, while NaCl and LiCl were used to evaluate the role of different cations. The normalized diffusion coefficients and radii of PMPC chains, as a function of ionic strength, can be found in Fig. 2 .
In all salt solutions examined in the present work, the diffusion coefficient of PMPC was found to change slightly with the addition of salt, compared with the control value acquired in pure water (shown in Fig. 2a and b) . However, no significant change was observed with all variations within 15% of the control value.
In Fig. 2c and d, the normalized radii of PMPC chains, based on Eq. (3), are presented as a function of salt concentration after being corrected for changes in the solution viscosity due to the presence of salt ions. By taking into account the viscosity of the solution, the effect of ions on the size of the solvated PMPC can be investigated. Fig. 2c presents the normalized radii of PMPC as a function of ionic strength in the presence of three different cations. Even though the diffusion coefficient of PMPC chains decreases slightly as a function of the concentration of the alkali salts in Fig. 2a , only subtle changes in their radius were found in Fig. 2b . This observation is in agreement with previous reports stating that the size of PMPC is independent of the NaCl concentration [19] [20] [21] [22] and that alkali cations have no effect on the hydrodynamic radius of PMPC [23] . The comparison between the diffusion coefficient and the size of PMPC chains suggests that the size remains constant in the alkali salt solutions, and the changes in diffusion coefficients at high concentration regime is due to the variations in solution viscosity.
As shown in Fig. 2d , the effect of changing the halide anion on the hydrodynamic radius of PMPC is more pronounced. The normalized radius varied by $10% in KBr solutions over the salt concentration range examined, but increased significantly in KI solutions. After correction by taking into account of the changing viscosity of the solution, the size of PMPC molecules were found to swell by $50% in a 300 mM KI solution compared to that in pure water. The changes in radius of PMPC chains further confirm that the PC functional group responds to anions. The effect of anions on PMPC is in agreement with the study by Mahon and Zhu [23] as well as reports on other PC-based materials, such as phospholipid membranes [37] . It is also worth noting that iodide may quench the fluorescence as reported elsewhere [36] and confirmed in the present work, and hence it might have an influence on the quality of the FCS measurements, especially at higher concentration. It is also possible that, because the rhodamine interacts with iodide through fluorescence quenching, it might also affect the PMPC chain conformation. Because the PMPC is end-labelled, this latter possibility is rather unlikely.
Divalent salts
Previous work on phospholipids demonstrates that divalent cations have a greater affinity to PC functional groups than monovalent cations, For instance, a binding constant of 40 M À1 for Ca 2+ to egg phosphatidylcholine compared to 0.15 M À1 for Na + has been reported previously [38] . The effects of two types of divalent salt, CaCl 2 and MgCl 2 on PMPC were examined in the present work (Fig. 3) . The diffusion coefficient of PMPC chains in both divalent salt solutions was found to decrease with increased salt concentration, which is similar to what was found with LiCl and NaCl (see Fig. 2 ). It is worth noting that Mg 2+ has a greater effect than Ca 2+ on the diffusion coefficient of PMPC, as shown in Fig. 3a .
The effect of ionic strength on the size of PMPC is less significant, as shown in Fig. 3b . Once the variations in the solution viscosity have been accounted for, the normalized radius (against that in pure water) remains constant except for the highest salt concentrations. This is consistent with observations for monovalent alkaline salts (KCl and KBr, see Fig. 2 ). In CaCl 2 solution, the hydrodynamic radius of PMPC chains does not change in solutions up to 1000 mM ionic strength. This confirms that the viscosity of salt solution contributes significantly to the diffusion of PMPC molecules when divalent salts are used. 
Effect of ionic strength
A key characteristic of PMPC is its high level of hydration with 15 or more water molecules associated with each monomer unit. Techniques including DSC [39, 40] , Raman Spectroscopy [41] , and ATR-FTIR have been used to investigate the structure of water in the vicinity of PMPC chains. These studies indicate that, unlike polyelectrolytes, PMPC has a very small effect on the structure of the hydrogen bonding network of surrounding water both in bulk solution and in thin films [42] .
To understand the aqueous solution dynamics of PMPC, information related to the interaction between the PC groups in PMPC and surrounding ions is key. As depicted in Fig. 4 , although each PC functional group has both a positive and a negative charge, the quaternary ammonium group is expected to be more accessible to ions in the salt solution because the phosphate group is partially screened due to its position between the ammonium group and the hydrophobic backbone. Previous studies have demonstrated that ions have significant effects on both local and global properties of model PC-based phospholipid membranes [43] . It has also been reported that lipid lamellar phases swell when immersed in monovalent salt solutions where the swelling of the lipid multilayers increases monotonically with increasing salt concentration [44] . Moreover, electrostatic repulsion of membranes was observed and attributed to the binding of anions to the PC group, where the magnitude of the repulsion is ion-specific. It was rationalized that the electrostatic repulsion between PC groups is progressively screened by increasing salt concentration, which also screens the van der Waals attraction. However, the effect of ions on the conformation of PMPC chains was rather limited except for potassium iodide. Even though the dominating moiety in PMPC molecule is the PC group that has been proved responding to ions, these are tethered to the backbone of the polymer via a strong covalent bond, which limits the flexibility of PC side groups. Furthermore, it is probable that the negatively charged phosphate has a role in preventing salting out, which lowers the affinity of the quaternary ion to other anions. As a consequence, PMPC, in contrast to the behaviour expected for polyelectrolytes, did not exhibit a significant response to ionic strength in the experiments described here.
The observed solution dynamics of PMPC do not agree with the general characteristics of other polybetaines (polyzwitterions in which both positive, which must be an onium bearing no hydrogen, and negative charged groups are present but not adjacent in the same monomer unit) that are poorly soluble in pure water. The formation of intra-and interchain ionic contacts result in an ionically crosslinked network structure, and consequently render them insoluble in pure water. With the addition of salt, the ions could penetrate such an ionic network, screen the electrostatic interactions and change the Debye length, which would alter the conformation of polybetaines and expand the size of the polymeric chain. However, such a 'salting-in' process was not observed in the present study. It is highly likely that the PMPC is fully expanded in pure water, due to the hydrogen bonding network formed by surrounding water molecules, and the conformation of PMPC remains relatively constant over the broad range of salt concentrations explored. In the competition between the 'swelling' effect by water and the ionic interactions between PC groups (including the electrostatic screening), it is clear that the former factor plays the determining role.
In previous light scattering experiments, the conformation of free PMPC molecules and those immobilized on silica nanoparticles in aqueous solutions was found to be independent of salt concentration in agreement with the results reported here [19, 20] . Although there was no explanation for the constant size of PMPC in aqueous solution, it was suggested that the mechanism by which PMPC dissolves in water without perturbing the hydrogen network between water molecules is responsible for its particularly stable characteristics. Furthermore, in studies of surface grafted PMPC chains immersed in salt solutions using neutron reflectometry, it was found that the height and swollen structure of PMPC brushes were independent of salt concentration [18] .
Ion-specific effect
It has to be noted that only NaCl was used in the aforementioned studies where PMPC showed no response to the presence of salt. However, in the present work, noticeable changes in the diffusion coefficient and size of PMPC were observed when concentrated salt solutions containing large halide anions (KBr and KI) and divalent salts (CaCl 2 and MgCl 2 ) were used. This could be due to the unique mechanism by which PMPC interact with surrounding water molecules; the electrostatic interaction exists locally between ions and the individual PC groups of each repeat unit. Both experimental and molecular dynamics simulation studies on phospholipid membranes have revealed detailed information about the location of ions with respect to the polar head groups and hydrocarbon chains [12, 37, [45] [46] [47] [48] . These works show that the binding of ions modifies the area per lipid, lipid ordering, orientation of the lipid head dipole, and the charge distribution along the system, among other effects. It has been found that the binding of potassium ions to PC bilayers is almost fully absent: most K + ions are located in the aqueous phase and not associated to the membrane. In addition, studies have shown that halide anions have a stronger interaction with PC lipids than those of cations. The strength of these interactions increases with the size of the anion: Cl À < Br À < I À . Calculations show that iodide exhibits a genuine affinity for the PC lipids, which is due to its pairing with the choline group and its propensity for the nonpolar region of the lipid chains [37] . The attractive interaction between iodide and the PC group could potentially cause the PMPC chain to expand. Similar results have also been reported with zwitterionic micelles; the affinity for different anions follows the Hofmeister series: less hydrophilic anions, such as ClO 4 À , are adsorbed more strongly than more hydrophilic anions, such as Cl À [49] .
Because of its location, the negatively charged phosphate has to overcome shielding caused by the positively charged ammonium group before interacting with cations in the salt solution. Secondly, the short distance between the phosphate and the backbone results in a reduced flexibility, which may be required for it to interact with cations. It is possible for a cation to be trapped between nearby phosphates, which for normal polyelectrolytes would cause the chain to change conformation because the repulsion is shielded. However, the presence of the ammonium leads to repulsion, which counters the shielding effect. As a consequence PMPC shows a more noticeable response to halide anions.
Studies have shown that divalent cations are capable of charging a phospholipid membrane. The degree of saturation of the hydrocarbon chains was found to have a significant effect on the binding of multivalent cations, which predominantly bind to membranes containing lipids with saturated tails [43, 50] . For a PC-based bilayer in the gel phase in the presence of three different cations (sodium, potassium, and calcium), it was found that the area per unit cell did not change significantly under the influence of these three ions. However, the lipid molecules re-order non-isotropically under the influence of the salts. This re-ordering was attributed to the change in the highly directional intermolecular interactions caused by a variation in the dipole-dipole bonding arising from a tilt of the head group out of the bilayer plane. Furthermore it has been shown that calcium ions interact more strongly with the PC lipids and increase the area per unit cell more than potassium ions [51] . There are other studies that reported a similar effect with PMPC and related phosphorylcholine-containing polymers [23, 52, 53] . For example, it has been reported [53] that changes in ionic strength lead to minor changes in the expansion of PNIPAM-PC if the added salt is monovalent, but they also trigger a noticeable change in polymer conformation and aggregation if the added salt is divalent. Such observation is consistent with results of the present work where divalent ions have greater influence on PMPC than monovalent ions do at high ionic strength.
Conclusion
A single molecule technique, fluorescence correlation spectroscopy, was employed to examine the solution dynamics of PMPC which was found to have a limited response to both the ionic strength of the aqueous solution and the nature of the ions in the solution.
It was found that both the viscosity of the aqueous solutions and the interaction between ions and PC groups contribute to changes in the diffusion coefficient. With known values of the viscosity of the salt solution, the ion-PC group interaction was evaluated. The result confirms that cations have very little influence on the hydrodynamic radius of the PMPC chains due to the reduced opportunity to bind to the PC group relative to that of anions, and that PMPC remains in a highly swollen state even at relatively high salt concentration. The unique mechanism by which PMPC interacts with the hydrogen bonding network of the surrounding water molecules is believed to be the main cause for its stable size in salt solutions, even though the ion-PC group interaction does exist locally.
The knowledge of the interaction between ions and PC lipids has been applied to rationalize that the effect of halide anions is much more substantial than that of alkali cations, which is in agreement with the ionic-specific effect observed on PC-based lipids. When it comes to divalent ions, although the diffusion coefficient of PMPC changed substantially, it appears that viscosity of salt solutions contributes more than the ion-PC interaction.
